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It is shown that measurements of the effect of optical injection with an external laser on the spectral
response of a semiconductor optical amplifier can probe intrinsic properties of a working device.
The data demonstrate that under saturated gain conditions the carrier energy distribution within the
active layer of a AlGaAs/GaAs amplifier neither shows spectral hole burning nor carrier heating, but
only a decreased density. © 1998 American Institute of Physics. @S0003-6951~98!02823-X#
Knowledge of the response of the carrier distribution to
the strong internal optical fields in semiconductor lasers and
semiconductor optical amplifiers is essential for optimizing
the performance of these devices. Usually this information is
inferred from spontaneous emission spectra.1–3 However, in
working lasers spontaneous emission spectra suffer from the
presence of a longitudinal mode pattern, which complicates
the interpretation and hampers a reliable determination of
properties from these spectra.
In this letter we present a novel method to study the
properties of inverted semiconductor devices. A key point in
our approach is that by injecting an external laser beam into
the waveguide of a semiconductor optical amplifier ~SOA!,
changes in the carrier energy distribution are induced which
are similar to those in real laser devices due to the intracavity
optical fields. Since an SOA has anti-reflectivity ~AR! coated
facets, the formation of longitudinal Fabry–Pe´rot modes in
the waveguide is avoided. Hence, by measuring the full spec-
tral response of the amplified spontaneous emission ~ASE!
that is emitted from the edge of the device, an undisturbed
fingerprint of the carrier distribution is obtained. Our method
can be regarded as a model experiment for device studies
under real laser operation. By tuning the external laser one
has full control over the intensity, polarization, and wave-
length of the laser optical field, independent of the biasing
conditions. Furthermore real devices, without a special need
for invasive processing to create an optical access perpen-
dicular to the waveguide, can be used. This is in particular
advantageous, because such an optical access can also give
rise to Fabry–Pe´rot-like oscillatory features in spontaneous
emission spectra.2,3 Finally the technique can be extended to
dynamic studies with sub-ps time resolution using an up-
conversion scheme.
The device under study is a GaAs/AlGaAs double het-
erostructure ridge waveguide laser diode with AR-coated
facets, fabricated at Philips Optoelectronics Research. The
ridge is etched at 4° to the normal of the cleavage planes.
The 40 nm thick Al0.13Ga0.87As active layer is embedded in
1.5 mm thick Al0.5Ga0.5As cladding layers. The SOA is op-
erated with a pulsed current source with a pulse width of
about 10 ms and a duty cycle of 3% to reduce dissipation. A
continuous wave Ti:sapphire laser, tunable from 700 to 860
nm, is coupled into the front facet of the waveguide with a
microscope objective. The ASE is collected at the end facet
of the waveguide with a similar microscope objective and
guided into a grating monochromator system. For accurate
comparison ASE spectra with and without the injected laser
field are measured quasi-simultaneously. For this purpose a
mechanical chopper, synchronized with the current source
and a gated photon counting system, is used to chop the
injected laser beam. In the dark period one measures the
steady state ASE spectrum and in the light period the in-
jected laser induced change in the ASE spectral distribution
is measured.
Experimentally obtained ASE spectra for different wave-
lengths of the external laser are plotted in Fig. 1. For all
spectra the SOA is biased at 60 mA to have a substantial
inversion and gain. The single pass peak gain is approxi-
mately 12 dB. The wavelength of the external laser is tuned
within the gain regime to induce strong stimulated emission.
Injecting the external laser into the wavelength leads to a
strong decrease of the ASE spectral intensity over its whole
energy range ~Fig. 1!. Optical injection creates an additional
recombination channel that competes with the nonradiative
channel and the ASE recombination channel for carriers, ef-
fectively reducing the inversion population density.
To illustrate the use of our technique the gain profile in
the device is determined by tuning the wavelength of the
external laser. In Fig. 2, it is shown that as a function of the
input wavelength, the output intensity of the SOA @Fig. 2~b!#
exhibits a behavior similar to the relative change of the inte-
grated ASE spectral intensity after removing the stimulated
emission spike @Fig. 2~a!#. Also the effect of the optical con-a!Electronic mail: apdeboer@sci.kun.nl
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finement factor, which accounts for the intensity overlap of
the laser field with the active layer, is clearly demonstrated.
For the transverse magnetic ~TM! polarization the response
is smaller than for the transverse electric ~TE! polarization.
Since the variations in the coupling efficiency are kept mini-
mal, the measured difference is due mainly to the optical
confinement factor, which for TM polarized light is about
25% smaller than for TE polarized light.
More quantitatively these results can be described with
the carrier density rate equation4
dN
dt 5
ibias
eV 2gnrN2Sase~N !2
GGLIL
\vL
, ~1!
where N is the carrier density, ibias the bias current, e the
electron charge, V the waveguide volume, gnr the nonradia-
tive recombination rate, Sase(N) the ASE emission rate, G the
optical confinement factor, GL5GL(\vL) the gain at the
laser energy, IL the laser intensity, and \vL the laser photon
energy. The last term in ~1! represents the rate of stimulated
emission induced by the injection of the external laser beam.
Since the bias current remains the same, it follows directly
from ~1! that the presence of stimulated emission leads to a
reduced carrier density NL . As a consequence, the ASE
emission rate decreases. Using ~1!, this external laser in-
duced change in Sase can in the steady state @(dN/dt)50# be
expressed as
Sase~N !2Sase~NL!5
GGLIL
\vL
2gnr~N2NL!. ~2!
Although this representation does not take the actual energy
distribution of the carriers into account, it adequately ex-
plains the observed features so far. In any case, by resolving
the response of the ASE intensity in the spectral domain our
technique probes stimulated emission induced effects that go
beyond this description as well. Since in the present case the
stimulated emission is the adjustable parameter, the depen-
dence on gain, polarization, and laser intensity can be inves-
tigated. By measuring close to the saturation of the amplifier
it is justified to ignore longitudinal features in our model,
because saturation assures longitudinal homogeneity.
To understand the saturation behavior of the SOA we
measured the spectral response of the ASE to injection with
a high intensity laser beam. Besides a linear dependence of
the gain on the population inversion density, nonlinear
processes—like carrier heating and spectral hole burning
~SHB!—are considered to be important for gain saturation in
semiconductor lasers and amplifiers.5–7 Carrier heating arises
because in the stimulated recombination process carriers
with an energy less than the average energy are involved.
Removing these carriers from the distribution increases the
average energy of the remaining carriers, leading to a distri-
bution with a higher effective temperature. Spectral hole
burning is seen as a deviation of the carrier distribution from
the Fermi–Dirac distribution due to stimulated recombina-
tion at one particular energy. Both processes can give rise to
nonlinear gain saturation as was claimed in previous
publications.5–7 However, those experiments were not car-
ried out in the spectral domain.
In Fig. 3 the output power and the relative change of the
integrated ASE intensity is plotted as a function of the input
power of the external laser. The saturation of the output
power coincides exactly with the saturation of the relative
change of the integrated ASE spectral intensity. This result
suggests that the gain in a bulk semiconductor scales only
linearly with the carrier density minus the transparency car-
rier density,4 meaning that with increasing input intensity the
depletion of the carrier distribution proceeds until the trans-
parency condition for the incident laser photon energy is
fulfilled.
To examine the nonlinear contributions to the gain satu-
ration, we measured the spectral response in the highly satu-
FIG. 1. ASE spectra with ~solid line! and without ~dashed line! optical
injection under the same biasing conditions plotted on a linear scale. The
stimulated emission spike corresponds to the energy of the external laser.
FIG. 2. Relative change of the integrated ASE intensity ~a! and output
intensity ~b! vs energy of the external laser.
FIG. 3. Output power ~solid line! and relative change of the integrated ASE
intensity ~dashed line! vs input power at a bias current level of 88 mA.
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rated regime over more than 3 decades. From plotting ASE
spectra with and without injection of the intense laser beam
on a semi-logarithmic scale ~Fig. 4!, it can be seen that the
achieved saturation results in a smooth and strong decrease
of the ASE intensity over its whole energy range. Further-
more, the high energy tails of both spectra have the same
slope even under these highly saturated conditions. The ex-
periment shows that relaxation of carriers via carrier–carrier
scattering and the cooling of the carrier distribution via in-
elastic phonon scattering take place at such high rates that
the carriers relax to a distribution with a lower density,
which has neither a persisting spectral hole nor an altered
effective carrier temperature. Thus nonlinear gain saturation
arising from SHB or carrier heating is not present in the
amplifier. This contrasts with earlier work obtained on laser
diodes with an optical access perpendicular to the
waveguide.2 In that work the occurrence of both SHB and
carrier heating was claimed by comparing spontaneous emis-
sion spectra measured at different bias current levels, i.e., at
different levels of gain saturation. Our data taken on a SOA
do not show any significant influence of SHB or carrier heat-
ing. Since SHB is only feasible in the case of a very intense
laser field, we estimated the intensity of the optical field
inside the waveguide in the saturated regime. Without optical
injection a reduction of the drive current with 30 mA leads to
an ASE spectrum with a shape and peak intensity similar to
the highly saturated ASE spectrum. This change in drive
current Di should equal the stimulated recombination cur-
rent. Using Eq. ~1! the following relation holds:
Di
eV 5
GGLIL
\vL
, ~3!
from which the intensity inside the waveguide is estimated to
be 0.75 MW/cm2. This is far below the intensity needed for
SHB,4 but sufficient to saturate the gain.
In conclusion, we have demonstrated a new method to
characterize semiconductor optical amplifiers which is based
on the study of the spectral response of ASE to the internal
optical fields, generated by a tunable external laser. We have
shown that after saturating the SOA with intense laser
power, the carriers redistribute to a lower density with an
unchanged effective carrier temperature. Therefore, nonlin-
ear gain saturation due to spectral hole burning or carrier
heating is not observed in this device.
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FIG. 4. ASE spectra without ~dashed line! and with ~solid line! injecting an
intense saturating laser beam into the SOA at a bias current level of 88 mA
plotted on a semi-logarithmic scale showing that the high energy tail ~[ef-
fective temperature! remains unchanged.
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